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A B S T R A C T

Peer-to-Peer (P2P) energy trading between Interconnected Micro-Grids (IMGs) presents a promising approach
for enhancing the economic advantages for prosumers while mitigating supply–demand imbalances within
individual Micro-Grids (MGs). This paper proposes a trustful double auction mechanism for P2P energy trading
among prosumers in IMGs, structured into two distinct stages. Initially, concurrent auctions are conducted
within each MG to facilitate intra-grid trading, followed by subsequent auctions facilitating inter-grid trading
across IMGs. We figure out the allocation and pricing rules that satisfy the required properties in mechanism
design even when the auction consists of two stages. Given that energy transactions across IMGs entail
non-negligible power losses, equitable allocation of these losses among prosumers is paramount. To address
this, we integrate a fair cost distribution methodology into our auction mechanism, implemented by an
iterative algorithm. Rigorous analysis substantiates our proposed auction mechanism’s incentive compatibility,
individual rationality, and budget balance, thereby fostering truthful and voluntary prosumer participation
while averting potential market deficits. Numerical analysis underscores the efficacy of our approach,
showcasing a significant improvement in P2P transactions and supply–demand balance enhancement compared
to trading solely within individual MGs.
1. Introduction

1.1. Motivation and background

The proliferation of Distributed Renewable Resources (DERs) has
transformed consumers into active players known as prosumers, em-
bodying a new concept in the energy landscape. Prosumers, whose
energy generation exceeds their consumption, actively engage in the
energy market by trading surplus energy with other prosumers fac-
ing energy shortages. In this context, P2P energy trading emerges
as a means of directly transacting power from DERs between local
prosumers. Given that MGs offer a conducive environment for en-
ergy transactions among neighbors and efficient demand and supply
management, P2P energy trading within MGs has garnered significant
attention. It is anticipated to bolster prosumers’ economic benefits
while fostering power system stability through decentralization [1,2].
However, the effectiveness of P2P power transactions can be ham-
pered by disparities in supply and demand resulting from regional
uncertainties in power generation and climatic characteristics [3,4].
Particularly, P2P energy trading may become increasingly competitive
as tradable energy diminishes due to supply–demand imbalances within
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MGs. Consequently, prosumers’ incentives to participate in P2P energy
trading could be significantly diminished, as they may only anticipate
marginal economic benefits from such transactions.

Interest in energy exchange within IMGs has surged recently, driven
by the need to address challenges stemming from P2P energy trading
within individual MGs [5,6]. IMGs represent power systems where
multiple MGs are interconnected, facilitating the transmission and
exchange of both power and information. The shared power and infor-
mation infrastructure in IMGs enables coordinated operations among
multiple MGs, thereby reducing system uncertainty and enhancing op-
erational flexibility [6]. Expanding P2P energy trading from individual
MGs to IMGs presents opportunities to amplify trading opportunities
and economic benefits for prosumers. In this context, MGs encountering
operational challenges can leverage support from other interconnected
MGs within the IMG network. This potential for mutual assistance
underscores the significance of exploring a suitable energy trading
mechanism within IMGs.

In scenarios where a single MG experiences a significant disparity
between power supply and demand, IMGs offer a potential solution by
implementing a P2P energy trading market encompassing all prosumers
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within the IMG network. However, this centralized strategy may en-
counter computational efficiency and privacy challenges, particularly
as the number of prosumers and the volume of information shared
among MGs increase. Consequently, there is a pressing need to explore
decentralized market mechanisms for P2P energy trading in IMGs
that can enhance transaction efficiency while minimizing information
exchange with other MGs. One alternative solution involves introducing
an additional market within IMGs to facilitate P2P transactions among
prosumers across MGs, particularly in scenarios where supply–demand
imbalances persist after establishment of individual P2P trading mar-
kets within each MG. Specifically, this entails considering a two-stage
P2P energy trading market, where decentralized P2P markets within
each MG precede P2P transactions within the IMGs. This strategy alle-
viates imbalances within MGs by enabling sellers in MGs with surplus
electricity to engage in transactions with buyers in other MGs facing
excess demand.

1.2. Literature review

There is a growing interest in the literature regarding the design of
market clearing mechanisms for P2P energy trading. This body of litera-
ture can be classified into three main approaches: constrained optimiza-
tion, game theory, and double auction theory. In terms of P2P energy
trading models using constrained optimization, [7,8] have put forth
Mixed Integer Linear Programming (MILP) based frameworks. A coop-
erative energy market model for an active Distribution Network was
discussed in [7]. [8] devised a MILP-based model that integrates de-
mand response across different household models. Also, [9] introduced
a MILP model for transaction networked multi-carrier energy systems,
addressing fair operation cost allocation. However, as the network
of trading prosumers expands, centralized optimization methods face
challenges in computational efficiency and applicability. Responding
to this, [10] proposed a decentralized P2P energy market framework
employing a multi-agent system, while [11] put forth a distributed
operation optimization model. Furthermore, a fully decentralized P2P
energy market that can allocate energy losses and transaction fees
while considering fairness criteria was designed in [12]. Although
optimization models used in market mechanisms can provide optimized
solutions in terms of P2P energy transactions and costs, they fail to
consider the interactions among participating prosumers that influence
their decision-making process.

In [13], a non-cooperative game model was devised to scrutinize
the interactions and decision-making processes of sellers equipped
with storage units within a smart grid context. Building upon this
foundation, [14,15] expanded the scope by incorporating interactions
between sellers and buyers, with [16] further extending it to en-
compass interactions not only between sellers and buyers but also
among sellers. Furthermore, game-theoretic frameworks have found
application across diverse scenarios within the P2P trading market
landscape. Some investigations have centered on trading dynamics
among prosumers [17–19], while others have focused on transactions
between MGs [20–22], or even exchanges between multi-region inter-
connected flexible distribution networks [23]. Coalitional games have
emerged as a tool for cooperatively modeling P2P trading. In this
vein, [19] introduced a cooperative Stackelberg game model for energy
transactions involving a retailer and multiple cooperative prosumers.
Moreover, [24] devised an energy transaction algorithm grounded in
coalitional game theory, fostering greater stability and optimality in
MG trading, thereby enhancing both collective and individual bene-
fits. However, it is crucial to recognize the presence of information
asymmetry between the market operator and prosumers, stemming
from prosumers’ possession of private information about the valuations
of the power they trade. Consequently, prosumers may strategically
misrepresent their valuations to their advantage. Achieving efficient
outcomes in the P2P energy trading market is challenging amidst such
2

information asymmetry. Therefore, the market clearing mechanism
for P2P trading must be crafted to incentivize prosumers to disclose
their private information truthfully, facilitating socially optimal out-
comes. Moreover, this mechanism should foster voluntary prosumer
participation in the P2P market. While game theory models excel in
handling agents’ interactions within competitive environments, they do
not guarantee truthful disclosure or voluntary participation by agents.

In this context, double auction models have emerged as a prominent
solution to addressing these challenges. Double auctions are partic-
ularly suited to bilateral trading scenarios, as they encourage sellers
and buyers, each possessing private information, to engage truthfully.
Specifically, if truthful revelation represents the dominant strategy
equilibrium for all agents involved, the auction mechanism is deemed
dominant-strategy incentive-compatible. Moreover, an auction mech-
anism is considered individual-rational if it ensures that agents derive
no less utility from participation than from non-participation. Addition-
ally, the mechanism is deemed (weakly) budget-balanced if the total
payments made by buyers exceed or equal the total revenue earned
by the sellers. Moving forward, various implementations of double
auction mechanisms have been explored in the literature about P2P
energy trading. For instance, a uniform price double auction is em-
ployed in studies such as [25,26], while [27] conducted a comparative
economic analysis of single-unit and multi-unit P2P energy trading
auction models. Another common approach involves iterative double
auction mechanisms, as seen in [28,29], and continuous double auction
mechanisms, as explored in [30,31].

Despite the effectiveness of double auctions as a market mechanism
for P2P markets, their application within a single MG may fall short
of adequately addressing the demand-supply dynamics, especially in
instances where the MG exhibits highly imbalanced supply and demand
due to regional or climatic characteristics. Consequently, P2P trading
within IMGs is anticipated to mitigate such imbalances effectively.
As a result, recent attention has been directed towards the design of
double auction mechanisms tailored for P2P energy trading within
IMGs. Studies such as [32–34] have introduced double auction designs
enabling multiple MGs to trade power amongst themselves within
IMGs. Additionally, [35] devised a combinatorial auction model for
Virtual Power Plants (VPPs) comprising IMGs in demand-side ancil-
lary services markets, comparing the outcomes with Stackelberg game
frameworks. To foster active partner selection and increase transaction
volume, [36] proposed a distributed incentive mechanism for multiple
micro-grid systems, allowing for the submission of multiple bids. In
these investigations, MG operators engage in P2P trading auctions on
behalf of prosumers to address unmet demand or supply within the
MGs. Consequently, prosumers assume the role of price-takers, making
it challenging to attribute market power to them. However, a market
design enabling prosumers to wield market power and participate in
auctions is deemed necessary for the economic benefit of prosumers
and the activation of P2P energy trading. In contrast, [37] proposed
a hierarchical electricity trading scheme employing a discriminatory
k-Double Auction, allowing prosumers to trade energy across various
markets. Unlike previous approaches, prosumers in this scheme possess
market power and can bid at their desired prices for their demand or
supply. However, the auction introduced in [37] failed to meet the
requisite properties in mechanism design.

It is worth noting that energy trading between different MGs within
IMGs inevitably results in additional power losses [12]. These losses
incur costs that must be fairly allocated among prosumers. For in-
stance, [38] investigated methods for distributing these power losses’
costs, while [12] proposed an allocation method for power losses,
taking into account fairness and prosumers’ satisfaction levels. Despite
some studies that address power losses, few double auction models
have considered the allocation of power losses in energy trading while
ensuring incentive compatibility, individual rationality, and budget
balance. Our study aims to address this gap by integrating a feasible
cost distribution of power loss into the double auction mechanism for

P2P energy trading within IMGs.
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1.3. Contributions

In this paper, we propose a trustworthy double auction mecha-
nism that is incentive-compatible, individually rational, and budget-
balanced, enabling prosumers to trade energy within a single MG and
across different MGs. Our focus lies particularly on addressing supply–
demand imbalances within MGs experiencing significant disparities in
power supply and demand. The double auction framework presented
in this paper comprises two stages: (1) In the first stage, simultaneous
auctions are conducted for each MG in parallel, facilitating energy
trading within individual MGs. The pricing rule for each auction is
tailored to the specific supply–demand balance within each MG. (2)
In the second stage, a subsequent auction is held between buyers from
MG with excess demand and sellers from MG with excess supply, who
did not secure transactions in the first stage. This subsequent auction is
based on the bid information gathered in the initial stage. By dividing
the P2P trading process into two stages, we aim to mitigate imbalances
within each MG while minimizing the exchange of information across
different MGs. Furthermore, we propose a cost distribution method to
allocate the expenses incurred by the pricing rule and power losses,
designing a budget-balanced and feasible auction mechanism. The
primary contributions of this study are as follows:

(1) We introduce a two-stage double auction mechanism that fa-
cilitates P2P energy trading within individual MGs and across
IMGs. We figure out the allocation rule and pricing rule of
the two-stage double auction and demonstrate that the pro-
posed mechanism satisfies incentive compatibility, individual
rationality, and budget balance.

(2) Our novel approach ensures that truthfully revealing private
information is the dominant strategy equilibrium for prosumers
even if we consider additional subsequent auctions following
the initial auction within each MG, aimed at mitigating supply–
demand imbalances.

(3) We integrate a feasible cost distribution method into the double
auction mechanism, addressing costs resulting from the pricing
rule and power losses. To maintain fairness, we allocate costs
to participants in proportion to their trading volume. An itera-
tive algorithm has been developed to distribute costs effectively
among prosumers, ensuring non-negative utilities and averting
any budget deficits in the market.

The remainder of this paper is organized as follows. We introduce
the model description in Section 2. In Section 3, we present our double
auction mechanism and show some important properties of the auction.
In Section 4, we describe the results of the numerical studies. Finally,
Section 5 concludes the paper.

2. Problem description

For the sake of simplicity, the present study considers IMGs that
consist of two MGs with an imbalance in the supply and demand of
power: one MG has an excess of power supply, while the other has an
excess of power demand. We assume that the demand and supply of
agents are public information, and when the total demand of agents
participating in the P2P trading market is greater (or smaller) than
the total supply, we consider the MG to have excess demand (excess
supply). Suppose two MGs are not only connected to the main power
grid but also interconnected to transmit power to each other. In each
MG, prosumers are holding distributed energy resources and there is a
single operator. We assume that prosumers in these IMGs can exchange
power and information with each other through an interconnected
power network and a communication network. Fig. 1 illustrates the
conceptual structure of the IMGs.

Without loss of generality, we assume that the retail price offered
by the main grid is higher than the price at which PV energy can be
sold to the main grid. Agents actively participate in the P2P energy
3

Fig. 1. Structure of the interconnected micro-grids.

trading market to achieve more profitable transactions compared to
dealing with the main grid. Their objective is to either sell at a higher
price or buy at a lower price within the P2P market. Agents, acting as
either buyers or sellers, engage in P2P trading through a double auction
mechanism. After the auction concludes, any remaining demand and
supply from prosumers that were not successfully traded in the auction
are allowed to be bought or sold to the main grid at a predetermined
price. We list the notations used throughout the paper in Table 1.

In this paper, we attempt to design a multi-unit double auction
mechanism for P2P energy trading in IMGs, which enables prosumers
to participate as either buyers or sellers in the P2P energy trading
market according to the status of power generation and consumption.
In the double auction, agents bid for two aspects: the desired price
and the desired transaction volume. That is, a buyer 𝑖 bids for (bid
(�̂�𝑖), demand (𝑥𝑖)), whereas a seller 𝑗 bids for (ask (�̂�𝑗), supply (𝑦𝑗)).
Agents have their private information for the valuations of 1 kWh
of power, which are 𝑏𝑖 and 𝑎𝑗 . Therefore, when participating in the
auction, they can strategically misreport their values to obtain the
results they want, which are �̂�𝑖 and �̂�𝑗 . On the other hand, we assume
that demand and supply are common knowledge and continuous value
which is greater than 0. Which MG each agent belongs to is also public
information. Furthermore, the agents’ utilities are assumed to be zero if
they do not participate or trade in the P2P trading market. When agents
trade between different MGs through the auction, the transactions incur
power losses. These losses are proportional to the trading volume and
determined according to a coefficient of power loss 𝑙.

3. Two stage double auction for interconnected micro-grids

Suppose that all bidders from every MG have submitted bids for
both the desired trading price and trading volume. To consider both
types of (1) P2P energy trading within a single MG and (2) P2P energy
trading between different MGs, we propose a double auction consisting
of two stages. The first stage of the auction takes place within each
MG, while the second stage occurs between two interconnected MGs.
The quasi-linear utility functions of self-interested buyer 𝑖 and seller 𝑗
are modeled as (1) and (2), respectively, where trading price 𝑝, trading
volume 𝑞, and cost 𝑐 are determined through the double auction.

𝑈𝑖(�̂�, �̂�) = (𝑏𝑖 − 𝑝𝑖(�̂�, �̂�))𝑞𝑖(�̂�, �̂�) − 𝑐𝑖(�̂�, �̂�) (1)

𝑈𝑗 (�̂�, �̂�) = (𝑝𝑗 (�̂�, �̂�) − 𝑎𝑗 )𝑞𝑗 (�̂�, �̂�) − 𝑐𝑗 (�̂�, �̂�) (2)

The flowchart of the proposed double auction mechanism is shown in
Fig. 2. The double auction mechanism determines the auction winners,
the transaction prices, and the trading volume as follows.
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Table 1
Notation.

Parameters

𝑏𝑖 , 𝑠𝑗 The valuations of buyer 𝑖 and seller 𝑗 for 1 kWh of power
�̂�𝑖 , �̂�𝑗 Buyer 𝑖’s bid and seller 𝑗’s ask for 1 kWh of power
𝑥𝐷𝑖 , 𝑦

𝐷
𝑗 Buyer 𝑖’s demand and seller 𝑗’s supply in the MG with excess demand

𝑥𝑆𝑖 , 𝑦
𝑆
𝑗 Buyer 𝑖’s demand and seller 𝑗’s supply in the MG with excess supply

𝐵𝐷 , 𝑆𝐷 The set of buyers and sellers in the MG with excess demand
�̄�𝐷 , �̄�𝐷 The set of winning buyers and sellers in the MG with excess demand after the first stage
�̃�𝐷 , �̃�𝐷 The set of final winning buyers and sellers in the MG with excess demand after the second stage
𝐵𝑆 , 𝑆𝑆 The set of buyers and sellers in the MG with excess supply
�̄�𝑆 , �̄�𝑆 The set of winning buyers and sellers in the MG with excess supply after the first stage
�̃�𝑆 , �̃�𝑆 The set of final winning buyers and sellers in the MG with excess supply after the second stage
𝑇𝐷𝐷 , 𝑇 𝑆𝐷 Total demand and supply of winning buyers and sellers in MG with excess demand
𝑇𝐷𝑆 , 𝑇 𝑆𝑆 Total demand and supply of winning buyers and sellers in MG with excess supply
𝑄𝑆𝐷 The total supplied amount transferred from an MG with excess supply to an MG with excess demand
𝐵𝐷𝐷 , 𝐵𝐷𝑆 , 𝑃𝐿 Budget deficit from the MG with excess demand, from the MG with excess supply, and from the power loss

Decision variables

�̃�𝐷 , �̃�𝑆 Trading price determined in the first stage in the MG with excess demand and excess supply
�̃�𝐼 Trading price determined in the second stage
𝑞𝐷𝑖 , 𝑞

𝐷
𝑗 Trading volume of buyer 𝑖 and seller 𝑗 in the MG with excess demand

𝑞𝑆𝑖 , 𝑞
𝑆
𝑗 Trading volume of buyer 𝑖 and seller 𝑗 in the MG with excess supply

𝑐𝐷𝑖 , 𝑐
𝑆
𝑗 Cost for buyer 𝑖 in the MG with excess demand and seller 𝑗 in the MG with excess supply
Fig. 2. The flowchart of the double auction mechanism.

3.1. Stage one: double auction within micro-grid

The first stage facilitates transactions between prosumers within the
same MG using a modified Multi-unit Double Auction (MDA) mecha-
nism proposed by [39]. It is worth noting that the auction mechanism
should vary depending on whether the MG has more power demand or
supply. We first state the auction mechanism on the MG with excess
demand in detail.

We denote the set of buyers by 𝐵𝐷 and the set of sellers by 𝑆𝐷 in
the MG with excess demand. We let buyers’ bids �̂� , 𝑖 ∈ 𝐵 , be sorted in
4

𝑖 𝐷
descending order as (3), while let the sellers’ asks �̂�𝑗 , 𝑗 ∈ 𝑆𝐷, be sorted
in ascending order as (4). If there are agents who have the same bid,
their order is randomly assigned.

�̂�1 > �̂�2 > ⋯ > �̂�𝑚 (3)

�̂�1 < �̂�2 < ⋯ < �̂�𝑛 (4)

We construct the demand and supply function according to the order of
bids and asks. Suppose that the demand function and supply function
intersect at the demand of buyer 𝐾 and the supply of seller 𝐿. Then
there are two possible cases, (A1) and (A2), in which the two functions
meet.

(A1) �̂�𝐾+1 ≤ �̂�𝐿 ≤ �̂�𝐾 and ∑𝐿−1
𝑗=1 𝑦𝑗 ≤

∑𝐾
𝑖=1 𝑥𝑖 ≤

∑𝐿
𝑗=1 𝑦𝑗

(A2) �̂�𝐿 ≤ �̂�𝐾 ≤ �̂�𝐿+1 and ∑𝐾−1
𝑖=1 𝑥𝑖 ≤

∑𝐿
𝑗=1 𝑦𝑗 ≤

∑𝐾
𝑖=1 𝑥𝑖

In both cases, the winning agents are determined as all buyers with
indices less than 𝐾 and all sellers with indices less than 𝐿. We define
the set of winning buyers as �̄�𝐷, and the set of winning sellers as �̄�𝐷.
The transaction price for sellers in set �̄�𝐷 is uniformly determined as
�̂�𝐿, which is denoted by �̃�𝐷. This pricing rule ensures that there is no
relation between winning agents’ bids and transaction prices, making
the mechanism incentive-compatible. Buyers who did not win the
auction in the first stage are allowed to participate in the next second
stage. The upper bound of bid prices to participate in the second stage is
denoted by 𝑡𝐷 and is set equal to �̂�𝐾 . Other buyers in the same MG may
also want to participate in the second stage, so there is an incentive to
misreport their bid prices. Therefore, in the MG with excess demand,
the transaction price for winning buyers is determined only after the
winners of the second stage are established, to prevent misreporting.
Additionally, to enhance efficiency, the allocation is determined later
based on the overall results of both stages.

In the case of MG with excess supply, the first stage of double
auction can be operated similarly except for one key difference: the
transaction price of buyers, rather than sellers, is determined at the
first stage. Specifically, suppose all buyers whose indices are less than
𝐾 and all sellers whose indices are less than 𝐿 win the auction in
MG with excess supply by applying the same auction rule. Winning
buyers transact at a uniform price of �̃�𝑆 = �̂�𝐾 , while all winning sellers’
transaction price is determined in the second stage. The lower bound
of the ask prices to participate in the second stage, which is denoted
by 𝑡 , is �̂� .
𝑆 𝐿



International Journal of Electrical Power and Energy Systems 160 (2024) 110117J. Sim et al.

s
s
a
t
𝑖
t
s

3

i
i
a
s
r
i
b
w
p
s
i
v

s
p
b
𝑗
f
t
c
t
d

𝑝

t

d

𝑇

i
𝑞

𝑞
w
a

𝑇

𝑇

I
t

A

S

S

S

A

S

S

S

S

T
f

𝐵

𝐵

w
A

3

d
(
s
s
t
d
t

a
w
l
b

After the completion of the first stage in each MG, the double
auction results are announced to the agents. If there are remaining
buyers 𝑖 ∈ (𝐵𝐷 ⧵ �̄�𝐷) in the MG with excess demand and remaining
ellers 𝑗 ∈ (𝑆𝑆 ⧵ �̄�𝑆 ) in the MG with excess supply, and 𝑡𝐷 ≥ 𝑡𝑆 , the
econd stage is conducted to facilitate transactions among prosumers
cross the two connected MGs. Otherwise, the double auction will be
erminated completely in the first stage, and the transaction prices for
∈ �̄�𝐷 and 𝑗 ∈ �̄�𝑆 will be determined at �̃�𝐷 and �̃�𝑆 , respectively. In

his case, the allocation of agents in each MG is determined using the
ame allocation method as the MDA mechanism.

.2. Stage two: double auction between interconnected micro-grids

The second stage is conducted using the bid information submitted
n the first stage, without requiring additional bids or asks. This stage
s available only to agents who did not win the first stage of the double
uction and submitted bids in the range of [𝑡𝑆 , 𝑡𝐷] during the first
tage. There are remaining sellers in the MG with excess demand and
emaining buyers in the MG with excess supply who were not awarded
n the first stage of the double auction. However, only the remaining
uyers in the MG with excess demand and remaining sellers in the MG
ith excess supply, whose bids and asks fall within the range of [𝑡𝑆 , 𝑡𝐷],
articipate in the second stage to increase the overall social welfare. It
hould be noted that power transactions between two different MGs
ncur power loss that is proportional to a coefficient 𝑙 and the trading
olume.

How the winners and transaction prices are determined in the
econd stage is similar to that of the first stage. For agents who
articipate in the second stage of the double auction, we denote the
uyers’ bids by �̂�𝐼𝑖 for 𝑖 ∈ (𝐵𝐷 ⧵ �̄�𝐷) and the sellers’ asks by �̂�𝐼𝑗 for
∈ (𝑆𝑆⧵�̄�𝑆 ). Bids and asks are sorted again and the demand and supply

unctions are reconstructed according to the sorted order. Suppose that
he demand and supply functions intersect at a certain point where the
orresponding indices are 𝐾 and 𝐿. Then all buyers with indices less
han 𝐾 and all sellers with indices less than 𝐿 trade at a uniform price
etermined as

̃𝐼 =
�̂�𝐼𝐾 + �̂�𝐼𝐿

2
(5)

The transaction price for the winning buyers in the MG with excess
demand and the winning sellers in the MG with excess supply, which
was not determined in the first stage, is uniformly determined as �̃�𝐼 at
his stage.

The total supply and demand in each MG by agents who win the
ouble auction throughout the stages can be calculated as follows.

𝐷𝐷 =
𝐾−1
∑

𝑖=1
𝑥𝐷𝑖 +

𝐾−1
∑

𝑖=1
𝑥𝐼𝑖 , 𝑇 𝑆𝐷 =

𝐿−1
∑

𝑗=1
𝑦𝐷𝑗 (6)

𝑇𝐷𝑆 =
𝐾−1
∑

𝑖=1
𝑥𝑆𝑖 , 𝑇 𝑆𝑆 =

𝐿−1
∑

𝑗=1
𝑦𝑆𝑗 +

𝐿−1
∑

𝑗=1
𝑦𝐼𝑗 (7)

If there are winning buyers and sellers in the second stage, then
𝑇𝐷𝐷 > 𝑇𝑆𝐷 and 𝑇𝐷𝑆 < 𝑇𝑆𝑆 naturally hold. The allocation rule is
designed to first resolve the demand and supply generated within each
MG to minimize power loss. Therefore, the supply amount 𝑇𝑆𝐷(𝑇𝑆𝑆 )
s first traded with the demand 𝑇𝐷𝐷(𝑇𝐷𝑆 ). Thus, the trading volume
𝐷
𝑗 is equal to the supply 𝑦𝐷𝑗 for all winning sellers in �̄�𝐷. Similarly,
𝑆
𝑖 = 𝑥𝑆𝑖 for all winning buyers in �̄�𝑆 . To determine the final allocation,
e check whether inequality (8) or (9) holds. These inequalities imply
n over-demand and an over-supply, respectively.

𝐷𝐷 − 𝑇𝑆𝐷 > 𝑇𝑆𝑆 − 𝑇𝐷𝑆 (8)

𝐷𝐷 − 𝑇𝑆𝐷 ≤ 𝑇𝑆𝑆 − 𝑇𝐷𝑆 (9)

f (8) holds, we follow the Allocation rule 1, and if (9) holds, we follow
he Allocation rule 2.
5

f

llocation rule 1.

tep 1. All the winning sellers in two MGs sell their entire volume.
However, only the winning buyers in MG with excess supply buy
their entire demand.

tep 2. Let the gap 𝑔 be equal to (𝑇𝐷𝐷−𝑇𝑆𝐷)−(𝑇𝑆𝑆−𝑇𝐷𝑆 )⋅(1−𝑙). The
quantity 𝑔 represents the unmet demand in the MG with excess
demand that every winning seller cannot fulfill. Therefore, it
is distributed evenly among all trading buyers in the MG with
excess demand, regardless of the order of bid prices. In other
words, these buyers will buy electricity up to their demand,
excluding the amount of distributed unmet demand.

tep 3. If the distributed unmet demand exceeds the demand of some
buyer, we allocate zero trading volume to that buyer. Then
the gap 𝑔 is recalculated and distributed again. This process
continues until each buyer is allocated a non-negative volume.

llocation rule 2.

tep 1. Let the gap 𝑔 be equal to (𝑇𝑆𝑆 − 𝑇𝐷𝑆 ) ⋅ (1 − 𝑙) − (𝑇𝐷𝐷 − 𝑇𝑆𝐷).
We check whether 𝑔 is non-negative. If it is, we proceed with
Step 2a. Otherwise, we follow Step 2b.

tep 2a. All the winning buyers buy their entire volume. However,
only the winning sellers in the MG with excess demand sell their
entire supply. In this case, the unmet supply can be calculated
as 𝑔′ = (𝑇𝑆𝑆 −𝑇𝐷𝑆 )− (𝑇𝐷𝐷 −𝑇𝑆𝐷)∕(1− 𝑙). All trading sellers in
the MG with excess supply will sell electricity up to their supply,
excluding the amount of evenly distributed unmet supply.

tep 2b. Negative 𝑔 implies that there is an unmet demand in the MG
with excess demand. Thus, we follow the same process as Step
1 and Step 2 of Allocation rule 1.

tep 3. To prevent agents from receiving a negative allocation, a
process that is similar to Step 3 in Allocation rule 1 is also
applied in this Step 3.

he sets of final trading agents are determined after the allocation as
ollows:

̃𝐷 = {𝑖|𝑞𝐷𝑖 > 0, 𝑖 ∈ 𝐵𝐷}, �̃�𝐷 = {𝑗|𝑞𝐷𝑗 > 0, 𝑗 ∈ �̄�𝐷}, (10)

̃𝑆 = {𝑖|𝑞𝑆𝑖 > 0, 𝑖 ∈ �̄�𝑆}, �̃�𝑆 = {𝑗|𝑞𝑆𝑗 > 0, 𝑗 ∈ 𝑆𝑆}, (11)

here the trading volume 𝑞𝐷𝑖 , 𝑞𝐷𝑗 , 𝑞𝑆𝑖 , and 𝑞𝑆𝑗 are the results of the
llocation rule.

.3. Cost distribution

Our pricing mechanism may result in a budget deficit in the market
epending on the value of �̃�𝐷, �̃�𝑆 , and �̃�𝐼 , as shown in Eqs. (12) and
13). Sellers in the set �̃�𝐷 sell their supply at �̃�𝐷, while buyers in the
et �̃�𝐷 purchase their demand at a price �̃�𝐼 . Similarly, buyers in the
et �̃�𝑆 purchase their demand at �̃�𝑆 , while sellers in the set �̃�𝑆 sell
heir supply at a price �̃�𝐼 . Consequently, the budget deficit may arise
ue to the discrepancy between buyers’ and sellers’ trading prices for
he P2P transactions within each MG. In other words, if �̃�𝐷 > �̃�𝐼 or
�̃�𝐼 > �̃�𝑆 , it will result in a budget deficit and undermine the reliability
nd stability of the market. In all other situations, a surplus exists,
hich is assumed to be absorbed by the market. Furthermore, power

oss will lead to a budget deficit, as shown in Eq. (14). That is because
uyers are charged for the amount they purchase and sellers are paid
or the amount they sell. Thus, no payment is made for the amount of
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Fig. 3. The flowchart of the cost distribution.

𝑄𝑆𝐷 ⋅ 𝑙, which represents the amount of power loss. The deficits can be
calculated as follows and are distributed among the agents as a cost.

𝐵𝐷𝐷 = (�̃�𝐷 − �̃�𝐼 ) ⋅ 𝑇𝑆𝐷 (12)

𝐵𝐷𝑆 = (�̃�𝐼 − �̃�𝑆 ) ⋅ 𝑇𝐷𝑆 (13)

𝑃𝐿 = 𝑄𝑆𝐷 ⋅ 𝑙 ⋅ �̃�𝐼 (14)

The flowchart of the proposed cost distribution method is described
in Fig. 3. We allocate the cost to the beneficiaries of the double auction
between MGs. That is, we distribute 𝐵𝐷𝐷 to the buyers in the set �̃�𝐷
and distribute 𝐵𝐷𝑆 to the sellers in the set �̃�𝑆 . 𝑃𝐿 is distributed to
both the buyers in �̃�𝐷 and the sellers in �̃�𝑆 . The distribution amount
is proportional to the agents’ trading volume as follows:

𝑐𝐷𝑖 =
𝐵𝐷𝐷 ⋅ 𝑞𝐷𝑖
∑

𝑖∈�̃�𝐷
𝑞𝐷𝑖

+
𝑃𝐿 ⋅ 𝑞𝐷𝑖

∑

𝑖∈�̃�𝐷
𝑞𝐷𝑖 +

∑

𝑗∈�̃�𝑆
𝑞𝑆𝑗

for 𝑖 ∈ �̃�𝐷 (15)

𝑐𝑆𝑗 =
𝐵𝐷𝑆 ⋅ 𝑞𝑆𝑗
∑

𝑗∈�̃�𝑆
𝑞𝑆𝑖

+
𝑃𝐿 ⋅ 𝑞𝑆𝑗

∑

𝑖∈�̃�𝐷
𝑞𝐷𝑖 +

∑

𝑗∈�̃�𝑆
𝑞𝑆𝑗

for 𝑗 ∈ �̃�𝑆 (16)

The agents’ utility, including the distributed cost, must be non-
negative to ensure individual rationality. If the total utility of some
agents becomes negative due to the cost, we adjust their allocations and
costs to zero, resulting in zero utility for those agents. This adjustment
affects the sets �̃�𝐷 and �̃�𝑆 . Thus, for the buyers in the updated set �̃�𝐷
and the sellers in the updated set �̃�𝑆 , we then reallocate the trading
volume according to the Allocation rule and redistribute the cost. It
should be noted that after the reallocation, the values of 𝐵𝐷𝐷, 𝐵𝐷𝑆 ,
and 𝑃𝐿 remain unchanged. Only the cost imposed on each agent needs
to be recalculated. We repeat this process until the corresponding
deficit is completely resolved, and there are no agents with negative
utility. In other words, the agents either pay a cost proportional to
their trading volume and receive a positive allocation, or they receive
a zero allocation. This method of cost distribution discourages agents
from strategically misreporting their bids to lower the cost distribution,
as the amount of distribution is independent of their bids and asks,
which are their private information. Therefore, our mechanism always
guarantees full recovery of the budget deficit and agents’ truth-telling.
6

3.4. Properties

In this subsection, we show that the two-stage double auction
mechanism for IMGs is incentive-compatible, individually rational, and
budget-balanced.

Theorem 1. The two-stage double auction mechanism is a dominant
strategy incentive-compatible under the assumption that the submitted in-
formation on demands and supplies is public.

Proof. The proof of Theorem 1 follows similar arguments as Vickrey’s
and Huang’s arguments [39,40]. Suppose that a buyer 𝑖 in the MG
with excess supply with a valuation 𝑏𝑖 submits a bid �̂�𝑖. There are two
possible cases: 𝑏𝑖 ≥ �̃�𝑆 or 𝑏𝑖 < �̃�𝑆 . For each case, we show that there is
no incentive for buyer 𝑖 to deviate from truth-telling.

First, if 𝑏𝑖 ≥ �̃�𝑆 , overbidding will not increase buyer 𝑖’s utility
since the price is determined uniformly for buyers in set 𝐵𝑆 and it
is independent of the bids of buyers in set �̃�𝑆 . If buyer 𝑖 underbids,
either 𝑖 may lose the auction or 𝑖 will gain the same utility as if 𝑖
had bid truthfully. Second, if 𝑏𝑖 < �̃�𝑆 and buyer 𝑖 overbids, buyer 𝑖
may win the auction but receive the negative utility. Even if buyer
𝑖 does not win the auction, the utility will be the same as if 𝑖 had
bid 𝑏𝑖. Underbidding would lead to zero utility just like when buyer
𝑖 bids truthfully. Therefore, it is the best response for this buyer to bid
truthfully regardless of the bids of other agents.

Similarly, suppose a seller 𝑗 in the MG with excess supply with a
valuation 𝑎𝑗 submits an ask �̂�𝑗 . We also have two case: 𝑎𝑗 ≥ �̃�𝐼 or
𝑎𝑗 < �̃�𝐼 . If 𝑎𝑗 ≥ �̃�𝐼 , overbidding will not change seller 𝑗’s utility, and the
cost paid by seller 𝑗 is independent of their decision. Underbidding is
not incentivized for the same reasons as buyers in the MG with excess
supply. If 𝑎𝑗 < �̃�𝐼 , the proof follows a similar logic as the case for
buyers. Furthermore, it can be shown that buyers and sellers in the
MG with excess demand also have no incentive to deviate from truth-
telling, using arguments similar to those used for agents in the MG with
excess supply.

Lastly, let us consider agents who win the auction but only trade
part of their demand or supply because of the unmet demand or supply.
However, no agent can lower the amount of quantity reduction during
allocation by misreporting their bids or asks. Therefore, incentive com-
patibility is proved under the assumption that the demands and supplies
are public information. □

Theorem 2. The two-stage double auction mechanism is individually
rational and (ex-post) budget-balanced.

Proof. Under the two-stage double auction mechanism for IMGs,
buyers in 𝐵𝐷 and 𝐵𝑆 whose bids are less than or equal to �̃�𝐼 and
̃𝑆 , respectively, do not trade in the P2P trading market. Similarly,
sellers in 𝑆𝐷 and 𝑆𝑆 whose asks are greater than or equal to �̃�𝐷 and
̃𝐼 , respectively, do not trade. Moreover, our mechanism ensures that
buyers in �̃�𝐷 and sellers in �̃�𝑆 obtain non-negative utility after the cost
distribution. As a result, the two-stage double auction mechanism is
individually rational.

Through the process of checking whether there is a budget deficit
and distributing the cost incurred from the P2P market, our mecha-
nism always ensures the complete recovery of the budget deficit that
occurred during the auction. Therefore, the two-stage double auction
mechanism is budget-balanced. □

4. Numerical analysis

In this section, we analyze the performances of our double auction
mechanism on social welfare, trading volume, and the number of
trading agents. We compare the performances of our mechanism with
those of the MDA mechanism. We further examine how the degree of
supply–demand imbalance within each MG affects the auction results.
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Table 2
Comparison of performances between the proposed mechanism and the MDA mechanism.

Social Buying Selling Trading Trading
welfare volume volume buyers sellers
(KRW) (kWh) (kWh)

MDA mechanism MG with ED

Mean 90.64 3.38 3.38 7.13 6.88
Std 22.09 0.60 0.60 1.27 1.18
Min 25.13 0.92 0.92 2.00 2.00
Max 154.02 4.71 4.71 10.00 9.00

Proposed mechanism MG with ED

Mean 111.91 5.75 3.44 12.70 6.88
Std 27.09 1.38 0.60 2.94 1.18
Min 45.04 2.36 0.92 5.00 2.00
Max 190.21 10.31 4.87 21.00 9.00

MDA mechanism MG with ES

Mean 88.28 3.30 3.30 6.76 6.97
Std 20.93 0.52 0.52 1.03 1.14
Min 33.04 1.57 1.57 3.00 3.00
Max 147.86 4.61 4.61 9.00 10.00

Proposed mechanism MG with ES

Mean 110.37 3.37 5.73 6.76 12.49
Std 25.16 0.52 1.35 1.03 2.88
Min 47.52 1.57 2.58 3.00 6.00
Max 192.88 4.72 10.76 9.00 21.00
4.1. Parameter setting

The following settings were adopted to conduct the analysis. Con-
sider two connected MGs, one with excess demand and the other with
excess supply, along with a P2P energy trading market for them. We
assume that there are 35 buyers and 10 sellers in the MG with excess
demand and 10 buyers and 35 sellers in the MG with excess supply. All
agents are residential prosumers who generate electricity using small-
scale solar panels of 3 kW each. Although the amount of electricity
generated and consumed varies for each agent and at different times of
the trading period, we assume the following numerical values to ana-
lyze the mechanism’s performance and the impact of supply–demand
imbalance. We assume that the demand and supply of buyers and
sellers all follow a normal distribution 𝑁(0.5, 0.052). We define supply–
demand imbalance as the difference in the proportion of total bid
demand and total bid supply in each MG. Therefore, under the assumed
situation, we can see an imbalance of about 3.5 times within each MG.
We assume that the valuations for the buyers’ electricity purchases
and the sellers’ electricity sales both follow a uniform distribution of
𝑈 (100, 150). Finally, we assume a power loss rate of 2.5%, which is
expected to be lower than the Korean overall power loss rate of 3.5%,
for power trading between the MGs.

4.2. Results

We compare the performance of the proposed double auction mech-
nism with the MDA mechanism for two separate MGs. That is, we
tilize the MDA mechanism, which is applied in a scenario where
2P trading is only possible within each MG and trading between
ifferent MGs is not allowed. To achieve reliable results, we repeated
ach auction mechanism 1000 times and the presented results are their
verage. The analysis was performed on a PC with a 3.6 GHz Intel Core
7-7700 CPU and 8 GB RAM under Windows 10. All computations were
onducted using Python.

Table 2 shows the results of the two auction mechanisms for each
G, including excess demand (ED) and excess supply (ES). From Ta-

le 2, the proposed mechanism leads to an increase in social welfare
nd trading volume for both MGs even if the mechanism incurs var-
ous costs. In the MDA mechanism, the buying volume and selling
olume within each MG are equal, whereas in our double auction
echanism, the buying volume in the MG with excess demand and

he selling volume in the MG with excess supply significantly increase.
his demonstrates that our mechanism effectively mitigates the supply–
emand imbalance within both MGs. The number of trading sellers in
7

Table 3
Welch’s t-test results.

Mean difference t-statistics p-value

MG with ED

Social welfare −21.26 19.24 0.00
Buying volume −2.36 49.61 0.00
Selling volume −0.06 2.31 0.02
Trading buyers −5.57 55.03 0.00
Trading sellers 0 0 1.00

MG with ES

Social welfare −22.08 21.34 0.000
Buying volume −0.06 2.87 0.004
Selling volume −2.42 52.93 0.00
Trading buyers 0 0 1.00
Trading sellers −5.52 56.40 0.00

MG with excess demand and the number of trading buyers in MG with
excess supply yield similar results for both mechanisms. This is because
the second stage of our double auction is for P2P transactions between
MGs for remaining buyers in MG with excess demand and remaining
sellers in MG with excess supply who could not make transactions in
the first stage. As Table 2 illustrates, the standard deviation in social
welfare is relatively large. This can be attributed to the assumption that
the valuations of both buyers and sellers follow a uniform distribution
U(100, 150).

The Welch’s t-test results supporting the average results presented in
Table 2 are provided in Table 3. Judging by the p-values, there appear
to be significant differences in the outcomes of social welfare, buying
volume, and selling volume between the two auction mechanisms
in each MG. However, as Table 2 indicates, there is no significant
difference in the average number of trading sellers in MG with ED and
trading buyers in MG with ES between the two mechanisms.

Fig. 4 depicts the variation in social welfare for each MG under both
mechanisms as the power loss rate ranges from 1 to 4 in increments of
0.5. Regardless of the power loss rate, social welfare under the proposed
mechanism consistently surpasses that under the MDA mechanism.
However, there is a tendency for social welfare under the proposed
mechanism to decrease as the loss rate increases.

Similarly, Fig. 5 illustrates the results of the number of trading
buyers in MG with ED and the number of trading sellers in MG with
ES as the power loss rate changes. The number of trading agents also
consistently favors the proposed mechanism and exhibits a diminish-
ing trend as the loss rate increases. Nonetheless, compared to social
welfare, the magnitude of change in the number of trading agents is

relatively smaller.
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Fig. 4. Impact of power loss rate on social welfare.

Fig. 5. Impact of power loss rate on the number of trading agents.

Fig. 6. Impact of power loss rate on the budget deficit from the power loss.

Fig. 6 illustrates the impact of loss rate on deficit caused by power
loss and the corresponding standard deviation of the results. As the loss
rate increases, the deficit exhibits nearly linear growth, accompanied by
a corresponding increase in standard deviation.
8

Fig. 7. Impact of imbalance degree on social welfare (a) MG with excess demand (b)
MG with excess supply.

Assuming 10 sellers in the MG with excess demand and 10 buyers in
the MG with excess supply, we observe the performance changes as we
adjust the number of buyers in the MG with excess demand and sellers
in the MG with excess supply based on the degree of supply–demand
imbalance. Fig. 7 presents the social welfare results as affected by the
degree of supply–demand imbalance. In both mechanisms, the social
welfare in each MG gradually increases as the imbalance increases.
However, the proposed double auction exhibits a greater and sharper
increase in social welfare compared to the MDA mechanism, and the
gap between them widens as the imbalance increases. More agents are
unable to trade within the MG as the imbalance increases, leading to
their participation in the second stage of our mechanism.

Figs. 8 and 9 show the trading volumes of buyers and sellers for
each MG according to the degree of supply–demand imbalance. In both
mechanisms and both MGs, the trading volumes of buyers and sellers
increase as the degree of imbalance increases, but our mechanism
shows a steeper increase. On the other hand, as shown in Figs. 8(b)
and 9(a), the trading volumes of sellers in the MG with excess demand
and buyers in the MG with excess supply are not significantly affected
by the imbalance. Because the number of these sellers and buyers is
fixed at 10 each, and they only participate in the first stage.

Fig. 10 illustrates the impact of the imbalance degree on transac-
tion prices determined by the proposed and the MDA mechanisms. In
Fig. 10, 𝑝𝑀𝐷𝐴

𝐸𝐷 and 𝑝𝑀𝐷𝐴
𝐸𝑆 represent the prices determined in MG with ED

and MG with ES, respectively, through the MDA mechanism. As the im-
balance increases, �̃�𝐷 and 𝑝𝑀𝐷𝐴

𝐸𝐷 increase, while �̃�𝑆 and 𝑝𝑀𝐷𝐴
𝐸𝑆 decrease.

This trend arises from heightened buyer competition in the MG with
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Fig. 8. Impact of imbalance degree on trading volumes in MG with excess demand.
(a) Buying volume. (b) Selling volume.

excess demand and intensified seller competition in the MG with excess
supply. Conversely, �̃�𝐼 maintains a relatively constant level, positioned
between �̃�𝐷 and �̃�𝑆 , reflecting the symmetric supply–demand imbalance
across the two MGs.

The budget deficit analysis results are shown in Fig. 11. As the
imbalance increases, both 𝐵𝐷𝐷, 𝐵𝐷𝑆 , and 𝑃𝐿 increase. In particular,
it can be seen that most of the deficit originates from 𝐵𝐷𝐷 and 𝐵𝐷𝑆 .
As the imbalance increases, the differences between �̃�𝐷 and �̃�𝐼 , and
between �̃�𝑆 and �̃�𝐼 increase as shown in Fig. 10, resulting in an increase
in 𝐵𝐷𝐷 and 𝐵𝐷𝑆 . The amount of 𝑃𝐿 increases due to increasing
transactions between the two MGs as the imbalance grows. However,
even after paying a cost, the social welfare of each MG is sufficiently
large regardless of the degree of imbalance. Therefore, if we consider
a situation where agents pay a fee for P2P energy trading in IMGs,
there is a solution to solve the deficit with the fee paid by these agents.
Although further discussions are needed to determine the amount of the
fee, this realistic approach could significantly improve the efficiency of
our mechanism.

The preceding analyses operate under the assumption of a similar
degree of supply–demand imbalance across the two MGs. Now, we
delve into the assessment of social welfare within each MG when
two MGs with asymmetric imbalances partake in the double auction.
Figs. 12 and 13 present the average social welfare attained through
100 repetitions of our auction mechanism, showcasing scenarios where
the supply–demand imbalance values within each MG range from 2
to 5. Remarkably, the MG with excess demand (supply) experiences
9

Fig. 9. Impact of imbalance degree on trading volumes in MG with excess supply. (a)
Buying volume. (b) Selling volume.

Fig. 10. Impact of imbalance degree on transaction prices.

an enhancement in social welfare upon engaging in P2P transactions
with the MG possessing more supply (demand). Therefore, the proposed
auction mechanism can be effective for the two MGs with asymmetric
imbalances as well.
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Fig. 11. Impact of imbalance degree on the amount of the budget deficits.

Fig. 12. Social welfare of the MG with excess demand when two MGs have asymmetric
imbalance degree.

Fig. 13. Social welfare of the MG with excess supply when two MGs have asymmetric
imbalance degree.
10
5. Conclusion

In this study, we designed a two-stage double auction mecha-
nism for P2P energy trading within MGs and across IMGs, aiming
to address supply–demand imbalances within individual MGs. The
first stage involves simultaneous intra-MG auctions, followed by inter-
MG auctions for buyers with excess demand and sellers with excess
supply. We have identified the pricing rule consisting of �̃�𝐷, �̃�𝑆 , and
̃𝐼 , as well as the allocation rule which varies depending on over-
demand and over-supply scenarios. We introduced a fair cost distribu-
tion method that addresses deficits and power loss costs and an iterative
implementation algorithm. Theorems 1 and 2 demonstrated the pro-
posed mechanism’s incentive compatibility, individual rationality, and
ex-post budget balance.

Through comparative evaluations under various market scenarios,
we gleaned valuable insights. Firstly, our mechanism consistently out-
performed the MDA mechanism in terms of social welfare and trad-
ing volume for each MG, particularly benefiting buyers with excess
demand and sellers with excess supply. Secondly, as the degree of
supply–demand imbalance increases, the performance gap between the
two mechanisms widened, notably in terms of social welfare, trading
volume, and the number of trading agents. Lastly, facilitating P2P
transactions between an MG with higher supply (or demand) and an
MG with excess demand (or supply) amplified social welfare within the
latter MG.

Our double auction mechanism is feasible for real energy trading
markets, given the establishment of infrastructure for inter-MG power
trading and communication technologies for information sharing. Con-
sequently, our research holds significant managerial implications. It can
enhance overall resource efficiency and system stability by addressing
supply–demand imbalances and redistributing energy resources. Also,
by promoting truthful revelation as the dominant strategy among par-
ticipants, our mechanism fosters trust, transparency, and efficiency in
the market.

There are several ways to improve upon the present work. Firstly,
while we assume a uniform power loss rate for inter-MG transactions,
considering a variable rate based on prosumers’ distance could be more
practical. In such cases, future works can extend the mechanism to de-
termine efficient prosumers’ matching post-auction, after determining
the auction winners and allocations. Secondly, factors like reliability
and capacity, beyond price, are vital in determining auction winners.
Exploring multi-attribute mechanisms in future studies could address
this. Lastly, as the use of Energy Storage Systems increases, treating
demands and supplies as private information might be more suitable.
Therefore, designing a two-dimensional double auction that considers
prices and quantities as private information for P2P energy trading in
IMGs could be a challenging direction for future research.
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